The dehydrogenation of methylcyclohexane is a reversible reaction where methylcyclohexane is dehydrogenated to toluene and hydrogen in the forward reaction while the hydrogenation of toluene occurs is the reverse reaction. In the present work, both the forward and the reverse reactions were studied over the same catalyst: 1.0 wt% Pt/zeolite beta. The catalyst was prepared using the ion exchange method and it was characterised using ICP-OES, XRD, SEM, XPS, N 2 -BET, and NH 3 -TPD. The catalytic reactions were studied in a 1.02 cm internal diameter fixed bed tubular reactor under integral conditions and the effect of reaction operating conditions were studied on both the forward and reverse reactions. The kinetic modelling of the overall reactions, as well as of the by-products formed in the forward reaction, was carried out using simple power law models.
INTRODUCTION
The dehydrogenation of methylcyclohexane (MCH) is a reversible reaction in which MCH is dehydrogenated to toluene and hydrogen in the forward reaction while toluene is hydrogenated in the reverse reaction. The dehydrogenation-hydrogenation of MCH-toluene system is an important reaction system in the reforming of naphtha and in hydrogen storage applications as in the methylcyclohexane-toluene-hydrogen (MTH) system [1] [2] [3] [4] [5] [6] . The dehydrogenation of MCH has already been studied mostly using Pt/Al 2 O 3 catalysts. However, only a few studies have been carried out on Pt/zeolite catalysts. Corma et al. [7] and García de la Banda et al. [8] studied the dehydrogenation of MCH over Pt/NaY zeolite catalyst. Coughlan and Keane [9] studied the dehydrogenation of MCH over Ni-supported zeolite-Y catalysts. The obvious reason for using alumina as a support is its lower acidity compared www.prkm.co.uk to zeolites and its large surface area (for γ and η phases) though the latter is not comparable to zeolites. It is true that zeolites are well-known for supporting cracking and isomerisation reactions, a zeolite with low acidity and relatively large surface area such as zeolite beta is worth studying for the dehydrogenation of MCH. In the present study, 1.0 wt% Pt/zeolite beta was prepared in-house and well characterised. The dehydrogenation of MCH was carried out for a range of operating conditions and both the activity and selectivity of the catalyst were studied. Moreover, a few experiments were also carried out over the same catalyst to study the activity and selectivity of the catalyst for the reverse reaction, the hydrogenation of toluene. Kinetic modelling of the overall reaction (including by-products) for each of the forward (dehydrogenation) and reverse (hydrogenation) reactions was carried out. Separately, kinetic modelling for the yields of the by-products formed during only the dehydrogenation reaction was also carried out. To our knowledge, study of the dehydrogenation-hydrogenation of the MCH-toluene system over Pt/zeolite beta catalyst has never been reported in the open literature.
EXPERIMENTAL
The catalyst, 1.0 wt% Pt over zeolite beta, was prepared by the ion-exchange technique. The zeolite beta support was provided by Zeolyst International and was used without any modification. For the catalyst preparation, each gram of the support was mixed with 0.0175 g of tetraammine platinum(II) chloride [Pt(NH 3 ) 4 Cl 2 . H 2 O] (Aldrich, 99.5% purity) and dissolved in the required amount of deionised water. The desired pH was achieved by adding ammonia solution (32%, Aldrich). The mixture was stirred for 24 h, then washed, centrifuged, and dried in an oven at 110 °C. The catalyst was subjected to various characterisation techniques such as inductively-coupled plasma-optical emission spectroscopy (ICP-OES), X-ray photoelectron spectroscopy (XPS), X-ray diffraction (XRD), ammonia-temperature programmed desorption (NH 3 -TPD), scanning electron microscopy (SEM), and Brunaeur-Emmett-Teller (BET) surface area analysis by nitrogen adsorption. The dehydrogenation and hydrogenation reactions of MCH and toluene, respectively, were studied in a 10.2 mm fixed bed reactor under integral conditions. Experiments were performed under varying operating conditions of space time, reactor wall temperature, operating pressure, and feed compositions. The products of the catalytic reactions were analysed by a Varian gas chromatograph using a 100 m fused silica capillary column (CP-Sil PONA CB: 100% dimethylpolysiloxane). Table 1 gives a summary of the results obtained for the characterisation of the catalyst, while Figures 1 and 2 show the SEM image and XRD patterns of the catalyst, respectively. The XRD patterns shown in Figure 2 are comparable to those found in the literature [10] and confirm the presence of the zeolite beta phase. The www.prkm.co.uk SEM image of the catalyst suggests the occurrence of uniform and virtually spherical crystallites with size ranging between 0.5 and 2 µm.
CATALYST CHARACTERISATION

RESULTS AND DISCUSSION
As the dehydrogenation reaction of MCH to produce toluene is endothermic, while the hydrogenation reaction of toluene to produce methylcyclohexane is exothermic, the temperature of the reactor bed decreased during the course of the dehydrogenation reaction and the temperature of the reactor bed increased for the hydrogenation www.prkm.co.uk reaction. The average bed temperatures were therefore not the same as the reactor wall temperatures. Figure 3 shows a few temperature profiles measured at the centre line along the axial position of the bed using a sliding wire thermocouple while Tables  2 and 3 give the average temperature for its corresponding wall temperature under the given conditions of experimentation. An average temperature was measured using the following equation:
Both the forward (dehydrogenation of MCH) and reverse (hydrogenation of toluene) reactions were found to be not clean under the conditions studied and in each case the reaction products contained a large proportion of by-products. Generally, the isomers of dimethylcyclopentane (DMCP), ethylcyclopentane (ECP), and 3-methylhexane (MXN) were among the important by-products obtained in each of the reactions. Usman et al. [11] and Alhumaidan et al. [12] have also found these by-products in their reaction products while studying the dehydrogenation reaction over a Pt/Al 2 O 3 catalyst. Corma et al. [13] while working on HNaY zeolite (without metal loading) have also found dimethylcyclopentanes in their products with MCH as the feed. The presence of these by-products in appreciable amounts suggested the occurrence of isomerisation reactions caused by the acidic character of the zeolite beta support. Figure 4 (a-f) shows the effect of various operating conditions on the conversion of MCH and the yields of by-products formed in the forward reaction. It is observed that an increase in the reaction pressure generally has a moderate effect on the overall conversion of MCH to products. The MCH conversion slightly decreased initially and then remained virtually constant. The yield of toluene (main reaction product) also decreased with the reactor pressure, however, the change was much higher than the change in MCH conversion. This is because the ratio of the rate of formation of by-products to the rate of formation of toluene increases with an increase in pressure. In contrast to the yield of toluene, the yields of by-products generally increased with an increase in pressure and the effect was much more pronounced for the combined yield of isomers of dimethylcyclopentane compared to the yields of the other byproducts, and at 8 bar the yield of dimethylcyclopentanes actually exceeds that of toluene. The MCH conversion was found to be a strong function of temperature. It increased with increase in temperature. Again, the yields of the by-products formed were increased, however, in contrast to the effect of pressure, the yield of toluene increased with increase in temperature while the yield of dimethylcyclopentanes did not www.prkm.co.uk increase at the same rate. Increasing the H 2 /MCH molar ratio increased both the MCH conversion and the toluene yield, however, the yields of by-products decreased with an increase in the H 2 /MCH molar ratio. This observation may suggest that hydrogen addition in the feed may cause some kind of hydrogenation of the coke precursors and stabilise the activity of the Pt metal that performs the hydrogenationdehydrogenation reaction and/or it is helping in the rapid adsorption of MCH or in the rapid desorption of some strongly adsorbed intermediates that lead to the formation of toluene and the desorption of toluene itself. This type of observation has also been reported by other researchers in the field. Rohrer and Sinfelt [14] , Jossens and Petersen [15] , Usman et al. [16] , and Usman et al. [17] have also observed, at low pressures, an increase in the rate of the dehydrogenation reaction when hydrogen is present in the feed. Figure 5 (a-d) shows the effect of pressure and temperature on the conversion of toluene to its corresponding products and the yields of by-products formed during the hydrogenation of toluene. Similar by-products were obtained for the reverse reaction and again an appreciable amount of by-products was observed. It was observed that the reactor pressure has a profound effect on the rate of consumption of toluene and an increase in pressure greatly increases the toluene conversion and at 8 bar pressure, www.prkm.co.uk a reactor wall temperature of 220 °C, and a H 2 /TOL molar ratio of 4.34, the toluene conversion virtually reaches the equilibrium value. This suggests that under the conditions described, any pressure greater than 8 bar would not help in the conversion of toluene to the reaction products. The yields of by-products also increased with an increase in pressure where the combined yield of isomers of dimethylcyclopentanes increased the most significantly. On increasing temperature (at low pressure), for a given temperature range, the toluene conversion decreased while the yields of the byproducts were found generally to be not affected by temperature. The observations in Figures 4 and 5 may not be generalised, as under any other reaction conditions, the effects on the conversions and yields of the principal products and by-products may be different.
KINETIC MODELLING
The laboratory experimental reactor was assumed to behave as a one-dimensional plug flow reactor and the following differential equation was used to describe the reactor performance:
Based on the formation of major by-products, a reaction sequence was written for each of the dehydrogenation and hydrogenation reactions as shown in Table 4 . For each of the reaction schemes an overall reaction was written, based on which a rate equation was defined and solved along with Eqn (2) to fit against the experimental reaction data. A Fortran routine was used to solve the differential equation [(Eqn (2)]. www.prkm.co.uk
Simple power law rate models were used and the experimental data were subjected to regression and the SSE (the sum of squares of the errors) was used as the objective function to be minimised. Based on the overall balanced equation for the dehydrogenation reaction, the following rate equation was written:
while Eqn (4) was developed for the overall hydrogenation reaction:
In each case, the rate constant k was given the Arrhenius temperature dependency as shown below:
where,
where, T r is the reference temperature which lies at the centre of all the reaction temperatures in a set of experimental data. The partial pressure of each component was described by the equations given in Table 5 . The equilibrium constants for the dehydrogenation and hydrogenation reactions were calculated from the Gibbs free energies of formation of the reaction components involved. The values of the Gibbs free energy of formation were taken from Stull et al. [18] . Eqns (7) and (8) 
The results of the kinetic treatment are shown in Table 6 and Figure 6 shows the scatter diagram between the observed conversions and model conversions for both the dehydrogenation and hydrogenation reactions. As the hydrogenation reaction is an exothermic reaction so the net rate of the forward reaction decreases with temperature (the dehydrogenation reaction becomes more pronounced at high temperature). The negative value of the activation energy, though not possible, is only to show that the www.prkm.co.uk Table 5 Mole fraction of the components involved at any conversion Xi for the overall reactions defined in Table 4 Mole fraction at any conversion Table 6 Results of the kinetic modelling based on the overall reactions defined in Table 4 Dehydrogenation T r = 600.79 K for the overall dehydrogenation reaction and T r = 531.21 K for the overall hydrogenation reaction.
rate constant is decreasing with temperature. A simple power law model may not be suitable for the data and therefore a detailed mechanistic study is required and a more rigorous kinetic model is needed to evaluate the proper activation energy for the reaction which is beyond the scope of this study.
The data for the yields of toluene and the major by-products of the dehydrogenation reaction were modelled separately. As 3-MXN was obtained generally in low concentrations, only the combined yield of the isomers of dimethylcyclopentane and www.prkm.co.uk yield of ethylcyclopentane were kinetically modelled. The main reaction and the side reactions were considered to be occurring in parallel (Table 4 ) and the following sequence of reactions as shown in Eqns (9)- (11) was proposed.
( )
The following rate equations, when used with Eqns (9), (10) and (11), respectively, were found the best fitting rate models.
where, k T´, k D , and k E were subjected to Arrhenius temperature dependency as described in Eqns (5) and (6) . The equilibrium constant for Eqn (12) was as given by Schildhaur et al. [19] and the equilibrium constant for Eqn (13) was calculated from the Gibbs free energies of formation of the components involved [18] . The equilibrium constant for dimethylcyclopentane formation from methylcyclohexane is given by Eqn (15) . The equilibrium constant was calculated based on the free www.prkm.co.uk energies of cis-1-1, dimethylcyclopentane. The partial pressures in the reaction mixture that are to be used with Eqs (12)- (14) are given in Table 7 .
The results of regression for the modelling of the by-products are shown in Table 8 and the scatter diagrams relating the observed and model yields of the toluene and by-products are shown in Figure 7 (a-c). www.prkm.co.uk
CONCLUSION
For the conditions utilised in the present work, the variation in reactor temperature strongly affected the overall conversion of MCH to products. The effect of pressure and hydrogen was generally less significant. On the other hand, the overall conversion of tolune to reaction products was strongly affected by change in the reaction pressure. Both the dehydrogenation of MCH as well as the hydrogenation of toluene over the 1.0 wt% Pt/zeolite beta were found to be not clean and in each case ethylcyclopentane and isomers of dimethylcyclopentane were found to be the principal by-products. In both cases, the yields of by-products were found to be an important function of reaction pressure. For the dehydrogenation reaction, at 1.013 bar pressure, with the addition of hydrogen in the feed, the overall conversion was increased while the yields of by-products decreased with an increase in the hydrogen concentration in the feed. The power law kinetics for the dehydrogenation of MCH suggested zero-order kinetics with respect to methylcyclohexane, however, as the hydrogenation reaction is exothermic, a negative value of the activation energy, though not possible, showed that the rate constant decreased with the temperature. A simple power law model therefore may not be suitable for the hydrogenation kinetics and therefore a detailed mechanistic study is required and a more rigorous kinetic model is needed to evaluate the proper activation energy for the reaction. 
